Abstract-Considering the air-breathing hypersonic vehicle (AHV) system with strong nonlinearity and external disturbance, an off-line robust model predictive controller (RMPC) is presented based on the polytopic LPV model under the effects of disturbances. Firstly, Jacobian linearization and tensor-product modeling method are used to approximately transform the nonlinear AHV system into a polytopic LPV model, which provides the condition to establish the RMPC controller by linear matrix inequality (LMI). Secondly, the application of normbounding technology makes the errors between real-time states with disturbance and the reference setpoint states restricted into an invariant ellipsoid. Simulation has demonstrated the effectiveness of the proposed approach.
INTRODUCTION
Recently, due to the prominent flight characteristics: five times faster than the speed of sound and rarely explored flight envelope, hypersonic vehicle has obtained wide attention in the aspects of commercial purposes and military applications for space access [1] . But tremendous changes of flight environment lead to strong coupling and nonlinearity for the AHV model. In addition, the hypersonic vehicle also suffers from external disturbances during its flight, such as gust of wind etc. These factors bring us great challenges for the controller design for the AHV model. The polytopic LPV model is an appropriate choice for the nonlinear system control. It not only can describe the inherent nonlinearity and time-varying characteristics of the system, but also allows controller designers to use linear control theory for nonlinear system control [2] . Qin et al. [3] employed the tensor-product method to build the polytopic LPV model of the wined-cone hypersonic vehicle. Sun et al. [4] also used the tensor-product method to establish the polytopic LPV model and applied robust control method to achieve reference tracking control.
Recent years, on account of well robust control power and the ability to deal with constraints explicitly, robust model predictive control has been researched extensively [5] . RMPC controller design by LMI based on the polytopic description system without disturbance was put forward for the first time by [6] in which the current moment states and predicted states were restricted to lie in a positively invariant ellipsoid. An improved optimization algorithm by reducing the conservatism of the RMPC controller was presented in [7] . But the disturbance still had not been involved in. Ding et al. [8] proposed a RMPC method with the help of norm-bounding technology to restrict the states affected by disturbances into the invariant ellipsoid. Further, a less conservative RMPC controller was given based on polytopic LPV model when the input matrix is unique in [9] . The other methods aimed at solving disturbance problem mostly depended on the accurate estimation of disturbances and needed complex derivation based on Lyapunov function to counteract compensation of disturbance in the control law, such as in [10] [11] [12] . The proposed RMPC controller is simple and just needs the boundary value of disturbance.
In this paper, according to the nonlinear longitudinal model of hypersonic vehicles, a polytopic LPV model is obtained by using the Jacobian linearization and TP model transformation approach, based on which, an off-line RMPC controller method is built. Then the norm-bounding technology [8] is employed to deal with the external disturbances. The proposed RMPC method could achieve stable control with well effectiveness and robustness.
II. MODEL INTRODUCTION

A. Nonlinear longitudinal model of hypersonic vehicles
Considering the rigid longitudinal model of hypersonic vehicles [13] , the equations of motion are given as follows.
( ) 
where , , , , h V Q α θ represents altitude, velocity, angle of attack, angle of pitch and pitch rate respectively. m is the mass of the hypersonic vehicle. I is the moment of inertia. g is the acceleration due to gravity. r is the distance between the hypersonic vehicle and the center of earth. , , , L D T M , respectively denotes the lift force, the drag force, the thrust force and the moment or torque. Their detailed expressions are showed as follows. 
The specific aerodynamic coefficients in (2) 
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B. Polytopic LPV modeling for the AHV system
In this part, the polytopic LPV model of the nominal nonlinear AHV system with input constraints is deduced by Jacobian linearization and tensor-product modeling method. ( ) ( ( )) ( ) ( ( )) ( ) ( ) ( )
x t A p t x t B p t u t y t Cx t
The expressions of matrices ( ( )) A p t and ( ( )) B p t are given as follows. 
The 
III. RMPC CONTROLLER DESIGN
Considering the effects of disturbance for the AHV system, the nonlinear system (1) can be formulated as ( , ) x f x u = ( ) w t + , where ( ) w t denotes the external disturbances with a known upper bound 0 w > . The stable control problem we are facing is to regulate the states of the hypersonic vehicle with external disturbance from initial point to the setpoint. The reference point can be transferred to the zero steady point in the following way. Define the error state and the error input as r x x x Δ = − , r u u u Δ = − , then the error system (9) with disturbance discretized for controller design can be obtained. For system (9), we reference the method proposed in [9] to design RMPC controller. But in this paper, the state feedback control law from current moment to infinite moment is taken as ( 
where , ψ σ are the positive definite weighting matrices, ( ) 
is the predicted state without disturbance. The robust condition of system (9) is guaranteed by (11), equation (12) defines the invariant ellipsoid within the initial state ( ) x k Δ , and equation (13) ensures that the predicted states with disturbance are restricted into the same invariant ellipsoid. Equation (14) prevents the control inputs from going out of the inputs constraints, which also decreases the constraint scope of the actual control input indirectly. Thus, the conservatism of the controller becomes strong to some extent. The optimization problem can be solved by the following LMI optimization algorithm.
LMI optimization algorithm: For the given initial feasible state ( ) x k Δ and positive definite weighting matrices , ψ σ , if there exist matrices 7 7 G R × ∈ , 2 7 Y R × ∈ and a symmetric positive definite matrix Figures 1-2 respectively shows the response due to a 600 ft step-altitude and a 250 ft/s step-velocity command from the initial point to the trimmed condition ( 86100 , 
V. CONCLUSION
In this work, a RMPC controller is built based on the polytopic LPV model of the hypersonic vehicles system. Jacobian linearization and tensor-product modeling method are introduced to realize the polytopic LPV model transformation, which retains the local nonlinearities of the system and provides the condition for RMPC controller design based on LMI. In addition, the norm-bounding technology is adopted to deal with the disturbances that the hypersonic vehicle suffers during its flight. Nonlinear simulation results show the effectiveness of the presented approach.
